ABSTRACT Content dissemination in opportunistic networks has attracted much attention in recent years. A critical challenge associated with content dissemination in opportunistic networks is delay optimization. We discover that the address-based content dissemination is a major reason for delays because one message travels to one node at a time. We further discover that a message sometimes does not reach subscribers because nodes are sparse in opportunistic networks. Motivated by group purchase online, we propose a group-purchase scheme (GPSCH) to solve this problem. In GPSCH, nodes participate in group purchase to subscribe for messages, whereas message carriers publish messages to nodes upon subscription. In addition, we study the communication probabilities between messages and nodes to forward messages. We also provide a delay analysis of our proposed scheme. Our theoretical analysis and simulation results demonstrate that the GPSCH performs well in reducing delay time, by at least 75%, compared with typical routing schemes.
I. INTRODUCTION
With the increasing use of smartphones and social applications, content dissemination occurs quickly in mobile networks and becomes a part of people's daily life, such as sharing news and sharing common interests. However, traditional mobile networks are widely criticized for their high cost and low speed, especially in remote areas. In recent years, opportunistic networks have attracted the attention of many researchers, as they are free and robust.
In opportunistic networks, a key feature is that the communications among nodes are usually intermittent [1] - [4] , and this makes delay an important design problem for these networks. Furthermore, many researches [5] - [12] on opportunistic networks in term of message forwarding are driven by explicit addresses assigned by creators; this makes this problem more serious because this one-to-one routing does not meet the subscriptions of many users in intermittent network environments.
In these connection-intermittent opportunistic networks, an essential application is content dissemination. Content dissemination means that nodes subscribe for contents to certain channels and these channels publish messages to the subscribers [13] - [15] . In the processes of dissemination, as shown in Fig. 1 , all nodes can get a message as long as they subscribe to the message [16] . Both the publish process and the subscribe process are driven upon the opportunistic meeting of nodes in opportunistic networks. To improve delivery ratio and reduce delivery delay, many dissemination strategies employed in the networks work by sending all the channel data and subscription information to neighbor nodes [14] . A properly designed dissemination scheme should not only ensure a high message delivery ratio and low delivery delay but also control the network overheads for message delivery, and thereby improve the whole performance of networks.
Motivated by user activities of shopping online, we propose a group-purchase scheme (GPSCH) for content dissemination in opportunistic networks. This scheme allows a message to meet the subscriptions of many nodes as long as these nodes subscribe for the message. The scheme is based on the analysis of the characteristics of messages rather than nodes and provides an approach for a message to select an optimal path to be transmitted, just as a truck chooses a fast lane on the road. GPSCH has two major advantages: 1) It considers the total subscriptions of a message while transmitting the message so that the delay of message forwarding in the entire network can be minimized. 2) GPSCH allows a message to take priority to choose the next path depending upon the communication probability between the message and its subscribers so that the message can always come into an area with more subscribers.
More precisely, our main contributions are the following: 1. Study content dissemination based on the characteristics of the message. In this paper, we put forward some new message characteristics such as message popularity, message activeness, and message effectiveness. To study the subscriptions of a message in the whole network, we propose message popularity. Message activeness is a characteristic that reflects the frequency at which a message appears in an area or a node. Based on message activeness, we further propose three types of paths, namely message direct-way, message highway, and message footway. Message effectiveness is used to decide whether a message should be dropped or not.
2. Propose a group-purchase scheme based on the mechanism of publish/subscribe (Pub/Sub). In GPSCH, we combine message popularity with message activeness to create metrics for content dissemination in order to reduce delivery delay and network overheads and simultaneously improve delivery ratio. Besides, we also manage the buffer of messages by using the message effectiveness characteristic in GPSCH. Furthermore, we limit the number of messages each node carries and update these messages based on the benefit function we propose.
3. Make a network model for content dissemination in opportunistic networks. In this network model, we assume that three types of nodes exist in the network, namely gateway, static node, and mobile node. A gateway generates messages, and static nodes are distributed in every community to accept subscriptions of mobile nodes and forward messages to them. Besides, this model is designed to discover the characteristics of a community by collecting the information from mobile nodes, such as requirements. Therefore, messages can be recommended to mobile nodes according to subscriber interests.
4. Derive an accurate expression for the average delivery delay in a real environment to prove the effectiveness of our GPSCH in theory.
5. Make simulations on our GPSCH and provide different users with different service experiences.
The rest of this paper is organized as follows. In Section II, the related work is reviewed. The network model is presented in Section III. The proposed scheme is described in Section IV. In Section V, an analysis of the delivery delay in the proposed scheme is made. Simulations are explained in Section VI, and conclusions are drawn in Section VII.
II. RELATED WORKS
The forwarding mechanism in opportunistic networks is a challenging task associated with content dissemination because of the sparse network resources. The Pub/Sub mechanism has been widely viewed as one of the most promising approaches to forward messages in opportunistic networks [14] , [17] and provides an asynchronous way for communication between subscribers and publishers [18] . Subscribers request for messages depending upon their personal interests, and publishers usually disseminate messages according to the preferences of subscribers [19] , [20] or the communication frequency among nodes [21] , [22] , namely the interest-based or the contact-based.
An interest-based content dissemination scheme was proposed in [20] , where a preference-aware (PrefCast) forwarding scheme was proposed. In PrefCast, every user sets his/her own preferences for different content objects initially. Within a limited contact duration, the user needs to efficiently disseminate suitable sets of content objects to meet the preferences of the users within the transmission range. A contact-based content dissemination scheme was proposed in [21] , namely opportunistic networks-based message Pub/Sub scheme (ONMPSS). In ONMPSS, two important data structures, namely publish and subscribe, are used. Subscribers send multiple requests to the nearby agents so as to shorten the time required for the request information to reach publishers. Meanwhile, when getting the request information, publishers respond to events according to the communication frequency between different nodes.
Although Pub/Sub schemes have high flexibility and adaptability when dealing with a dynamic opportunistic networks topology, these schemes, no matter whether they are interest-based or the contact-based, may lead to their local minimum, which results in dead ends or loops. To solve the local minimum problem, some variations of these basic schemes were proposed, such as social-aware [23] - [25] or friendship-based [26] , [27] schemes. Some papers [28] , [29] discuss combining the interest-based scheme with the contact-based scheme to solve this problem. The basic idea is to divide people into an interest-based group and a localitybased group, and then choose the nodes belonging to both groups as agents to transmit messages. However, all of these works cannot solve the fundamental problem.
In this paper, for the first time, we study the characteristics of messages rather than the relationships of nodes [30] , [31] , for the purpose of forwarding messages. As far as we know, there is no relative work to study the characteristics of messages to transmit messages. Based on the characteristics of messages, we further propose the GPSCH scheme, which avoids messages from local minimum and prevents network overload. In GPSCH, a node needs to maintain its subscriptions and the communication probabilities between subscriptions and nodes in lists. Each message needs to maintain its subscribers and its effectiveness. In the process of subscribing, each node makes group purchases with others and updates the communication probabilities and the message effectiveness. Based on the number of group purchases and communication probabilities, each message selects an optimal path to be transmitted to the subscribers, thereby largely reducing dead ends or loops and improving the efficiency of the whole network. Besides, in this scheme, messages are dropped depending on their effectiveness to reduce the network overhead. Our extensive opportunistic networks emulation platform (ONE) simulation results also show that GPSCH significantly reduces delivery delay and network overhead as well as improve delivery ratio.
III. NETWORK MODEL
in this section, we introduce the network model of GPSCH from three aspects:1) system model, 2) design goals, and 3) overview of GPSCH. First, we introduce useful notations. Table 1 shows the notations we use in this paper.
B. SYSTEM MODEL
We assume that the opportunistic networks are deployed in a university and composed of a large number of mobile nodes, some static nodes, and a gateway, as shown in Fig. 2 . The relationships and functions of these nodes are shown in Fig. 3 .
The gateway is the core of the whole network and generates messages to satisfy all subscriptions of mobile nodes, and directly accepting the subscriptions from static nodes but not mobile nodes. The static nodes are the foundation of the network, and receive the subscriptions from mobile nodes directly, distributing them evenly in every community of the university. Significantly, the static nodes do not communicate directly with each other, but help analyze the characteristics of requests of mobile nodes in different communities. The mobile nodes are users of the network, such as students, teachers, and workers who are distributed randomly in the campus and subscribe for messages to static nodes when coming into a community and meeting a static node. To provide different users with different service experience, we set two types of users in this network model, namely the FMN and the PMN. FMNs use the network without making any payment but may be limited in some fields, such as the number of messages for which they want to subscribe at a given time. PMNs pay for using the network and get a better service. For example, they can subscribe for more messages. In addition, PMNs can receive message recommendation from networks and quickly find valued information so as to reduce the time spent on subscribing for messages and receiving messages. Lastly, PMNs take priority over FMNs to receive messages. When moving from one community to another, all mobile nodes may receive messages they like from the static nodes directly, from the mobile nodes carrying the messages in the local community, or from other mobile nodes with the messages outside the community.
C. DESIGN GOALS
Our design goal can be summarized as follows: 1) To clearly separate the responsibility of components of the network so as to improve the whole performance of networks services. 2) To prevent redundant operations so as to reduce network overhead. For instance, only the gateway generates a message for nodes subscribing for the message. 3) To make sure that a node can subscribe and receive messages in every community so as to improve the efficiency of content dissemination in the entire network and prevent local minimum to some extent. 4) To gather and analyze the subscription information of nodes in every community so as to efficiently and timely recommend content for mobile nodes according to their preferences.
D. OVERVIEW OF THE PROPOSED SCHEME
In our scheme, content dissemination is divided into two processes: the publish process and the subscribe process. The overview of the subscription process is shown in Fig. 4 . In details, mobile nodes move in the network scenario. When a mobile node meet another mobile node, they will check whether they share common interests. If sharing with common interests, they will take part in the group purchase of the interests. Else, they will help each other to subscribe for messages. When a static node is met, the mobile node subscribes to the static node. When a new subscription is received, the static node subscribes to gateway. The overview of the publish process is shown in Fig. 5 . In details, mobile nodes move in the network scenario. When a mobile node meet another mobile node, they help each other to get messages. When a static node is met, the mobile node obtain messages from the static node. When a new message is generated, the gateway publish the message to the static nodes.
IV. GROUP-PURCHASE SCHEME
We now describe the proposed group-purchase scheme. Mainly, we introduce our scheme in detail from three aspects: 1) message forwarding, 2) buffer management, and 3) scheme description. First, we introduce some useful definitions and state the assumptions that we will be making throughout the rest of the paper.
A. ASSUMPTION 1) Every node maintains an IMIA and an OMIA. The IMIA stores the MI this node subscribes for, and the OMIA stores the MI that other nodes subscribe for. 2) Every node also maintains a MC, and stores the messages the other nodes subscribe for. 3) Every message maintains a GPA, which stores the names of nodes subscribing for the message. If a node has no messages but MI, the GPA will belong to the property of the MI. 4) We describe the number of elements in GPA as GPN, namely the number of nodes subscribing for the message. more precisely, the number of group purchases of a message. 5) We call the mobile node initiating a connection initiator, and call the mobile node on the other side of the connection a receiver. 6) Many mobile nodes (at least two) being studied, we assume that all mobile nodes are within the transmission range of the initiator. 7) Initially, we assume that the GPN of each message is one.
B. DEFINITIONS
Definition 1: MP is defined as the popularity of a message, and can be evaluated by the GPN of the message.
In the process of subscriptions, different messages may be subscribed by different nodes. The more the nodes subscribing for a message are, the more popular the message will be. In other words, the popularity of a message can be evaluated by its GPN. We manage the buffer of nodes according to MP. The more popular a message is, the longer time the message lives for. We also consider the priority to transmit messages depending upon the value of MP, which satisfies the subscriptions of more nodes in a given time when MP is larger. As shown in Fig. 6 , considering only MP, initiator A should transmit M2 on priority to receiver C because M2 is more popular.
Definition 2: MD is defined as a path directly accessing a subscriber of a message.
Usually, a subscriber of a message becomes an MD of the message. The next path of the message should be selected from MDs if possible. As shown in Fig. 7 , node C is the MD of M2 because node C subscribes for M2 whereas node B does not subscribe for M2. Therefore, node C takes priority to receive M2.
In the case of many nodes subscribing for a message within the transmission range of the initiator, as shown in we create a selection metric for the message to choose one of the MDs. Let F(x) i be an effective function for a message to select a node as MD. Let p i be the probability of a node meeting other nodes subscribing for the message. When customers take part in group purchase online, a shopkeeper, to make more people receive goods as quickly as possible, not only should consider the popularity of these goods but also should select an optimal path to send the goods to the customers. Therefore, by taking MP and p i into consideration, we define F(x) i as follows:
The node with higher F(x) i will be selected as the next path of the message. Definition 3: MH is defined as a path with a high opportunity of accessing a subscriber of a message.
Generally, nodes, without subscribing for a message but having met subscribers of the message before, become the MHs of the message. The next path of a message should be selected from one of its MHs if without subscribers of the message within the transmission range of its carrier. As shown in Fig. 9 , node C is selected as the MH of M5 because node C does not subscribe for M5 but has met the nodes subscribing for M5 before, such as node D. If there are many MHs but no MDs within the transmission range of initiator, as shown in Fig. 10 , we create a selection metric for the message to choose an MH. Let F(x) o be an effective function for a message to choose a node as MH. Let p o be a probability that a node, without subscribing for the message M1, meets other nodes subscribing for M1. By considering MP and p o , we define F(x) o as follows:
The node with higher F(x) o will be selected as the next path of the message. Definition 4: MF is defined as a path with little opportunity of access to subscribers of a message.
Similarly, nodes, that have not subscribed for a message and have never met subscribers of the message before, become MFs of the message. As shown in Fig. 11 , there are no nodes subscribing for M6 within the transmission range of node A and all of them have never met nodes subscribing for M6 as well. The next path of the message will be selected from these nodes if they are active enough. Preventing ineffective messages from being generated is important; so is carrying the messages out of the local minimum. Both of these two ways propose a requestment for the MF, namely the MF must be frequent enough to meet more nodes in different communities. If there are many MFs but without MHs or MDS within the transmission range of the initiator, as shown in Fig. 12 , we create a selection metric for the message to choose an MF. Let F(x) f be an effective function for a message to choose a node as MF. Let p f be the probability of a node meeting new nodes, namely the nodes having no common interests and having never met before. By taking MP and PA into consideration, we define F(x) f as follows:
The node with higher F(x) f will be selected as the next path of the message. Definition 5: PA is defined as the active level of a path. In this paper, we describe PA as a communication probability between a message and a node, such as p i , p o , and p f . The more subscribers of a message pass by a path, the more active this path, as for the message, is.
We have to calculate p i , p o , and p f before obtaining the metrics F(x) i , F(x) o , and F(x) f . Up to present, many contributions have been made to calculate contact probability, and the one proposed MobiHocPoster by Lindgren et al. [6] is noteworthy. In this paper, we update p i , p o , and p f in a way similar to that proposed by Lindgren et al. In contrast, we update p i , p o , and p f according to the communication between messages and nodes rather than the contact between nodes.
Whenever a node subscribing for the messages whose MI are in the IMIA of the initiator is encountered, p i should be updated as follows:
When there is no node subscribing for the messages whose MIs are in the IMIA of the initiator in a time unit, p i should be updated as follows:
Whenever a node subscribing for the messages whose MI are in the OMIA of the initiator is encountered, p o should be updated as follows:
When there is no node subscribing for the messages whose MI are in the OMIA of the initiator in a time unit, p o should be updated as follows:
When a node subscribing for the messages whose MI are neither in OMIA nor in IMIA of the initiator is encountered, p f should be updated as follows:
When there are no nodes subscribing for the messages within the transmission range of the initiator in a time unit, p f should be updated as follows:
where p init ∈ [0, 1] is an initialization constant, γ is also an initialization constant, and k is the number of time units.
C. MESSAGE FORWARDING
When traveling in the network, an initiator may meet several nodes at a time and has to choose one of them to forward messages. Although PMNs take priority over FMNs to receive messages, the initiator must choose one of the PMNs or one of the FMNs at a time. Furthermore, there may be one or more types of paths, namely DW, HW, and FW, for a message to select at a time. Therefore, path selection is an important problem for message forwarding.
In GPSCH, we give priority to meet the subscriptions of a PMN when both a PMN and an FMN are within the transmission range of the initiator. If there are many PMNs or FMNs nearby, we will make a further decision based on path selections, namely DW, HW, and FW. DW becomes the next path first, followed by HW, and finally FW. As for the same path, we will select the next path based on F(x) i , F(x) o , or F(x) f . When F(x) i is bigger, it means that a message is subscribed for by more nodes and receivers of the message that more frequently contact with other nodes subscribing for the message. Therefore, the path with higher F(x) i should be selected as the next path. When F(x) o is bigger, it means that the message is subscribed for by more nodes and its carriers have no interest in it but more frequently contact with the other nodes subscribing for it. Therefore, the path with higher VOLUME 5, 2017
F(x) o should take priority of being selected as the next path if without DW. When F(x) f is bigger, it means that the message is subscribed for by more nodes and its carriers neither subscribe for it nor meet nodes subscribing for it but often meet different nodes with different subscriptions. Therefore, the path with higher F(x) f may meet the subscribers of messages with a higher probability. The precise scheme is described in Algorithm 1. With the limitation of storage of wireless devices and great demands for data, buffer management has become important in recent years. In this paper, we not only consider the limitation of storage but also take message efficiency into consideration. Here, we introduce our buffer manager scheme used mainly to 1) add an effective message into the buffer, and 2) make messages fresh.
Algorithm 1

1) ADDING AN EFFECTIVE MESSAGE INTO THE BUFFER
Given the limitation of the storage, we have to deal with the overload problem of carriers. When a message is being transferred, the receiver should consider whether to add the message into its buffer or not. In GPSCH, we first limit the number of messages each node carries. If the number of messages in the storage is less than the value we limit, the message being sent will be added into the buffer without extra work. Otherwise, we have to calculate the efficiency of a message referring to (2):
A message with larger F(x) o can be added into the buffer.
2) MAKING MESSAGES FRESH
For each of the messages in the buffer, we set a probability p m . When a message reaches its subscribers, the request for the message in the whole network is increasing. Then the p m of the message should be updated as follows:
When no nodes subscribing for the message in a time unit are met, the carrier of the message may carry the message into dead ends or loops. Then, p m should be updated as follows:
When the probability of the message is less than the value we set, we will remove it.
E. SCHEME DESCRIPTION
In this section, we describe the entire proposed scheme, including group purchase, message forwarding, and buffer management.
Similar to the typical Pub/Sub model, the group-purchase scheme is also carried out as two processes, the publishing process and the subscribing process. In this subsection, we separately introduce these two processes.
In the subscribing process, mobile nodes distribute randomly in every community and move around the campus, subscribing for messages dynamically. The process of subscription is explained in detail as follows:
1) When a connection between two mobile nodes is on, the initiator will first make a judgment whether they have common interests in messages. If not, the initiator will place subscriptions of the receiver into its OMIA, and the receiver will place subscriptions of the initiator into its OMIA. Otherwise, both the initiator and the receiver will place the other's host name into the GPA of responding messages respectively to facilitate group purchase.
2) When a mobile node meets a static node, the mobile node will upload its subscriptions to the static node. After finishing subscribing for its own messages, the mobile node will further help others subscribe for messages if the connection is still on. In other words, the mobile node will upload the MI in its OMIA to the static node.
3) As for a static node, on receiving new subscriptions from mobile nodes, it will check its OMIA and messages stock. If the subscriptions have been in the OMIA or the messages stock, it will add the name of subscribers into the GPA of the corresponding message or MI (if not receiving the message from the gateway yet). Else, it will place the subscriptions into OMIA directly. In addition, if a static node receives new subscriptions, it will subscribe to the gateway for messages. The detailed program is given in Algorithm 2. In the publish process, messages are forwarded to the mobile nodes subscribing for them. The process of publishing in details is as follows: 1) Gateway, firstly, generates messages according to the subscriptions from static nodes. If generating a new message, the gateway will send the message to the static nodes subscribing for the message. If there are many static nodes subscribing for a message, the gateway will select an MD as the next path according to F(x) i .
2) As for static nodes, they mainly take charge of selecting an optimal path to transmit messages to their subscribers. If connecting many mobile nodes at a time, a static node will give priority to satisfy the mobile nodes subscribing for the messages in its buffer. In other words, a static node will first choose an MD upon F(x) i to transmit messages to the subscribers. If no subscribers exist within the transmission range, the static node will give priority to choose an MH and then an MF to forward the messages.
3) As for mobile nodes, they help each other to receive messages. If many connections exist within the wireless transmission range at the same time, initiators will also give priority to forward messages to the receiver subscribing for the messages. After DW, the initiator will choose an MH and then MF to transmit messages. If a subscription message is received, a mobile node will directly store the message in its storage. If a message out of subscription is received, the initiator will consider whether to add the message into its buffer or not, according to the effective function F(x) o . The detailed process is given in Algorithm 3. of delivery delay based on the conclusions obtained with the semi-Markov chain.
Algorithm 3
A. SEMI-MARKOV CHAIN MODEL
When a mobile node moves among communities in the whole network, the movement of the mobile node can be modeled as a Markov renewal process {(X n , T n ) : n ≥ 0}, where X n represents the n-th community that the mobile node moves into, and T n represents the time that the mobile node arrives at the n-th community. Let the state space represent the collection of communities, namely S = {1, 2, 3, . . . , J}. Then the number of communities in the whole network is J. Therefore, a mobile node moving from one community to another community means that the mobile node transfers from one state to another state. Assuming that the probability of transition from state X n to X n+1 has nothing to do with the previous state X n−1 , namely the transition of a mobile node in every state is memoryless, the process {(X n , T n ): n ≥ 0} can be modeled as a standard Markov chain.
1) HOMOGENEOUS MARKOV PROCESS
Let a random variable ∇T = T n+1 − T n describe the residence time for which a node stays in a community. Then, the homogeneous Markov kernel Q is defined as (13):
where p ij represents the transition probability of a mobile node transferring from state i to state j whereas H ij (t) represents the probability distribution of residence time a mobile node stays in state i.
2) TRANSITION PROBABILITY
Let the transition probability matrix of the Markov chain be P = [p ij ]. Then, when a mobile node transfers from state i to state j, the transition probability p ij is given by
3) PROBABILITY DISTRIBUTION OF RESIDENCE TIME When the next state is j, the probability distribution of residence time that a mobile node stays in state i is given by
Without consideration of the next state, the probability distribution of residence time that a mobile node stays in state i is given by
Of course, D i (t) can also be calculated as (17):
4) TIME-HOMOGENEOUS SEMI-MARKOV PROCESSES
We define the time-homogeneous semi-Markov processes as X = (X t , t ≥ 0). Then, the transition probabilities are given by:
where
B. STEADY-STATE ANALYSIS
After analyzing the basis characteristics of the semi-Markov chain, we study the steady-state probabilities that the mobile nodes distribute in every community of networks. In reality, when transferring from a community to another community, the mobile nodes usually pass by the third community instead of directly transferring. As shown in Fig. 13 , the mobile nodes in southern living area cannot directly transfer to the literature floor because they must first pass by a third community, such as the library or the teaching building. In other words, direct transition probabilities between some communities may be zero. Here, we will consider these realistic conditions when analyzing the steady-state probability. Without loss of generality, when analyzing the steady-state probabilities, we only consider a mobile node k in this study. Before obtaining the steady-state probability distribution ∅ k i , we need to obtain two matrixes, namely, the transition probability matrix P and the residence time probability distribution matrix D k i (t).
1) TRANSITION PROBABILITY MATRIX
Let the transition probability matrix of the node k be described as P k . Let the transition probability of the node k transferring from state i to state j be described as p k ij .
According to Fig. 13 , we define P k as (19) : 
where p k ij = 0 means that the mobile node k in community i cannot directly transfer to the community j. For any i = j, p k ij is calculated as (20):
2) RESIDENCE TIME PROBABILITY DISTRIBUTION MATRIX Let the residence time probability distribution of node k in community i be described as D k i (t). Let the average residence time of node k in community i be described asd
3) STEADY-STATE TRANSITION PROBABILITY
be the steady-state transition probability matrix that the node k stays in communities {1,2,3,. . . J} at any time. Then, π k is given by
where π k i represents the probability that the node k stays in community i at any time. In detail, π k is given by 
Therefore, the steady-state probability distribution of nodes in the networks is given by
The steady-state probability distribution ∅ k i represents the probability of mobile node k distributing in community i at any time, and corresponds to long-term distribution of node k in the network. Furthermore, the probability of a mobile node distributing in community i at any time is given by
C. PERFORMANCE ANALYSIS
In this subsection, we analyze the performance of the proposed scheme. The remainder of this subsection is organized as follows: 1) assumptions and notations; 2) calculation model; 3) calculation; and 4) analysis.
1) ASSUMPTIONS AND NOTATIONS
a) Meaningful mobile nodes (MMNs): These are mobile nodes subscribing for the messages that an initiator carries or having met nodes subscribing for the messages before or being frequent enough to meet more mobile nodes. MMNs are related to messages. In other words, when messages are varied, MMNs change. b) We assume that the total length of the path in community i is L i . c) We assume that all mobile nodes move at a speed of v. d) We assume that all messages are small enough to be forwarded when nodes meet.
2) CALCULATION MODEL
Let us consider a journey where a message is carried by k+1 nodes, such as h 0 , h 1 , h 2 , . . . . . . , h k . The node h 0 is the creator of the message. Let h 1 be the first node to receive the message from h 0 , h 2 be the node receiving the message from h 1 , etc. Furthermore, we split the journey into VOLUME 5, 2017 segments {l 1 , l 2 , . . . , l k }, where the segment l i is a space scalar, starting with the event: ''the message is received by h i .'' In reality, a journey is usually across several communities. Therefore, we further describe the segments as {l 11 , l 12 , l 13 , . . . , l i1 , l i2 , l i3 , . . . , l ij , . . .}, where l ij represents the j-th segment in community i.
3) CALCULATION
In this section, we calculate the expected delivery delay for a node to receive its subscription messages. Before we do so, we calculate the number and the distance first.
a: NUMBER
Referring to (26) , the expected numbers of mobile nodes in community i at any time are given by
b: DISTANCE
We define the expected distance between two nodes in community i as (27) 
where l means that an initiator moving an expected length of l meets another node. However, in any community, the distribution of mobile nodes is not even. Furthermore, the mobile nodes that we study are MMNs rather than all mobile nodes. Assume that a mobile node moving a length of l meets m ij MMN at the j-th segment in community i. Let k be a variable parameter. Then, the expected distance between the initiator and the MMN in this area is given by
To make (29) meaningful, we use the following definition:
where r is a real number, being relevant to the distribution of nodes in the current area. If m ij > 1, it means that an initiator moving an expected length of l meets m ij MMN in the current area. If m ij < 1, it means that an initiator moving a length of l may meet no MMN in the current area. In other words, the expected length for an initiator to meet an MMN in this area is bigger that l. The parameter k is designed to reflect this condition. Referring to (29) , when m ij or k is different, l n is different too.
D. EXPECTED DELIVERY DELAY
In a segment l ij (namely the j-th segment in community i), the expected time for a node to meet another node is given by
Assume that there are n segments in community i. Then, the expected time for a message to travel in community i is given by
Assume that there are J communities in a journey from the source node to the last destination node. Then the total time for a message to travel this journey can be given by
Assume that there are X nodes being interested in a message and note the expected time for each node to receive the message as {T 0 , T 1 , T 2 , . . . T X }. Assume that T max is the largest one in {T 0 , T 1 , T 2 , . . . T X }. Then the average delivery delay for a node to receive the message is given by
1) ANALYSIS
Referring to (34), when the number of group purchase of a message is larger, the average delivery delay time for a mobile node to receive the message will be less. In addition, when m ij is larger in an area, the expected time for subscribers in this area to receive the message will be reduced.
As described above, m ij is the number of MMNs. As we know, when p i , p o , and p f are larger, m ij will be bigger. In other words, when p i , p o , and p f are bigger, the average delivery delay for a mobile node to receive message will be less.
Referring to (1), when X or p i is larger, the value of the selection function f (x) i will be larger as well. Therefore, when the value of f (x) i is larger, the average delivery delay for a mobile node to receive a message will be less, firmly demonstrating that the selection metrics we propose are effective to reduce delivery delay. For the same reason, we prove that when f (x) o or f (x) f is larger, the average delivery delay for a mobile node to receive a message will be reduced as well. Therefore, we conclude that the selection metrics we propose satisfactorily reduce delivery delay for a mobile node to receive a message.
VI. SIMULATION
In this section, we conduct simulations in the opportunistic networks emulation platform (ONE) to evaluate the performance of our proposed GPSCH for content dissemination. The rest of this section describes the simulation setup, group purchase/no group purchase conditions, comparisons of different routing algorithms, and user experiences. 
A. SETUP
We conducted simulations in a realistic campus scenario. Based on the geographical environment, we divide the scenario into eight communities, namely southern living area, northern living area, library, literature floor, science and engineering floor, conservatory of music, teaching building, and gymnasium, as shown in Fig. 14 . Based on the communities and the main roads of these communities, we divide 185 nodes-176 mobile nodes, 8 static nodes, and a gateway-into 36 groups. A big difference among these three types of nodes is the mobility models they use. The mobile nodes use the map route movement (MRM) model whereas static nodes and the gateway use the stationary movement model. Table 1 shows the parameters we set in the simulation.
B. GROUP PURCHASE/NO GROUP PURCHASE
Every mobile node is free to decide whether to take part in group purchase or not when subscribing for messages. We set different ratios of users participating in group purchase, including 0%, 20%, 40%, 60%, 80%, and 100%, to evaluate the performances of the proposed GPSCH. The performances we evaluated mainly focused on delivery delay, network overheads, and delivery ratio.
1) DELIVERY DELAY
Delivery delay is the time taken for a message to travel from its source node to its destination node [32] . However, in GPSCH, a message may meet the subscriptions of many mobile nodes as long as these mobile nodes subscribe for the message and meet the carriers of the message. Therefore, the average delivery delay (ADD) for each node to receive a message in GPSCH is given by
where ∂ is the time for the last subscriber to receive the message and n is the number of subscribers of the message. The simulation results in Fig. 15 show the difference in delivery delays among different ratios of users participating in group purchase. We observed that delivery delay reduces when the ratio of users participating in group purchase increases. The main reason for this result is that we take the number of subscriptions of messages into consideration when disseminating content, as described in (1), (2), and (3). Referring to (34), the more nodes take part in group purchase, the less average delay for each node to receive messages. However, when the ratio is up to 60%, performance becomes poor compared with the ratio 40%, as shown in Fig. 15 . This is mainly because we consider the priority to meet the subscriptions of users who take part in group purchase. In other words, some users who do not take part in group purchase will have less opportunity to receive messages and wait for considerable time to receive messages, leading to poor performance in terms of delivery delay in the network. This condition can be avoided when all mobile nodes take part in group purchase. As shown in Fig. 15 , the delivery delay is largely reduced when the ratio is 100%. 
2) NETWORK OVERHEAD
Network overhead mainly refers to the storage overhead in the whole network in real time [33] . In our simulations, the size of each message is the same. Therefore, we make use of the total number of message copies in the whole network to describe network overhead.
The network overhead among different ratios of users participating in group purchase is shown in Fig. 16 . We observed that the network overhead is similar when the ratio is 0%, 20%, 40%, 60%, and 80%. When the ratio is less than 100%, it means that there are some nodes that do not take part in group purchase in the network. It needs many message copies to meet the subscriptions of these nodes. As described in Algorithm 3, we limit the number of messages each node carries. Therefore, the message copies are high and stable in the whole network. When all mobile nodes take part in group purchase, the network overhead is reduced, as shown in Fig. 16 . when the ratio is 100%. Besides, we set the TTL of each message as a constant, namely 3600 s. Therefore, the network overhead varied periodically.
3) DELIVERY RATIO
Delivery ratio (DR) is a ratio of the number of delivered messages and the number of created messages [33] . In other words, delivery ratio is calculated using (36)
where numD represents the number of messages reaching the destination nodes whereas numC represents the number of messages that the origin nodes create. However, this method is mainly applied to the condition that one message travels to one node. In GPSCH, one message can meet the subscriptions of many nodes. If the DR in GPSCH is calculated as in (36), the delivery ratio may be greater than 1. Therefore, we adopt another method to calculate the DR in GPSCH. Let numR be the number of subscriptions of messages in the whole network. Then the DR in GPSCH is given by DR = numD/numR.
Fig . 17 shows the DRs among different ratios of users participating in group purchase. We observed that the DR increases when the ratio of users participating in group purchase increases. This is mainly because messages travel to their subscribers with a higher probability when there are more than one subscriber. The more mobile nodes subscribe for messages, the higher probability for these messages traveling to their subscribers. Furthermore, in GPSCH, a message with more subscribers can live longer in the network. It is apparent that the DR increases with increasing time. In other words, when the networks are stable, some mobile nodes dropping out of group purchase do not affect the DR of the whole network, proving that the robustness of our GPSCH is strong in terms of DR.
C. COMPARISONS OF DIFFERENT ROUTING ALGORITHM
In this section, we compare the performances of GPSCH with different typical routing algorithms, including MaxProp [5] , ProPhet [6] , Spray and Wait [9] , and Epidemic [8] . The performances we study mainly include: A. delivery delay B. network overhead, and C. delivery ratio. First of all, we assume that all mobile nodes take part in group purchase in the following comparisons. To simulate the typical routing schemes, we use the same simulation parameters as with GPSCH. The main difference among them is the routing scheme they use. 
1) DELIVERY DELAY
We study the average delivery delay of different routing algorithms in this subsection. Fig. 18 shows the results of the average delivery delay of these routing schemes. As shown in Fig. 18 , we observed that GPSCH takes the least delay time to transmit messages to the destination nodes. There are two main reasons for this result. First, as described in (1), (2) , and (3), GPSCH considers both the total subscriptions of messages in the whole network and the communication probabilities between messages and their subscribers when forwarding messages. Second, one message in GPSCH meets the subscriptions of many subscribers from the source node to the last destination node, and this is different from the case in typical routing schemes. Referring to (34) and (35), the average delivery delay of GPSCH is reduced when more nodes subscribe for messages or the levels of PA are higher. Therefore, GPSCH spends less time to disseminate messages. . 19 shows the total number of message copies in the whole network versus time in different routing simulations. We observed that GPSCH has network overhead similar to that of MaxProp but much less than the network overhead of Epidemic and Prophet, and this is attributed to the cache management we propose. In GPSCH, we drop message copies if no nodes subscribe for them and limit the number of messages each node carries. Therefore, the network overhead in GPSCH can be controlled satisfactorily. However, Epidemic and Prophet routing schemes do not consider network overheads while forwarding messages and hence the network overhead in these schemes are higher. The Spray and Wait routing scheme mainly limits the number of message copies in a low level, thus achieving the best performance in terms of network overhead.
2) DELIVERY RATIO
Here, we compare the DR between GPSCH and typical routing algorithms. As shown in Fig. 20 , we observed that GPSCH has a high success rate, with the DR being similar to that of MaxProp and Prophet routing schemes and better than the performances of Spray and Wait and Epidemic routing schemes. This is mainly because all mobile nodes in GPSCH take part in group purchase and one message may meet the subscriptions of many subscribers. However, the DR of GPSCH is not stable at the beginning of simulations, and is mainly related to the TTL of messages we set in simulations. Besides, each mobile node subscribes for messages dynamically so that the subscriptions of mobile nodes are not stable at the beginning of simulation, and this is another important factor leading to the unstable DR. As the simulation time increases, the DR in GPSCH becomes stable and high, as Fig. 20 proves. 
D. USER EXPERIENCE
Here, we present the different service experiences for PMNs and FMNs. To study the different experiences, we mainly analyze the number of delivered messages of PMNs and FMNs in real time. As shown in Fig. 21 , we observed that PMNs receive more messages than FMNs at any time. As described in Algorithm 1, PMNs take priority to receive messages. FMNs receive messages when there are no PMNs nearby or when all PMNs have received the messages. Therefore, PMNs receive more messages at any given time and get better service.
VII. CONCLUSION
In this paper, we proposed a GPSCH scheme for content dissemination. We proposed three selection metrics for an initiator to choose the next path to forward messages on the basis of our study on the properties of messages, such as MP, MD, MH, and MF. Besides, we also managed a buffer of nodes depending upon the subscriptionsof the network. Both theoretical analysis and simulation results show that the proposed GPSCH scheme has an excellent performance in terms of reducing delay of message forwarding and managing the buffer. Finally, we applied our results to improve the experience of different types of users. LIFEN SUN is currently pursuing the master's degree with the School of Physics and Telecommunication, South China Normal University, Guangzhou, China. His current research interests include opportunistic networks and multimedia transmission system. JIAKE JIAO is currently pursuing the master's degree with the School of Physics and Telecommunication, South China Normal University, Guangzhou, China. His current research interests include opportunistic networks and multimedia transmission system.
